Strain-compensated p-type SiGe quantum cascade structures are promising candidates to realize an efficient Si-based light source. Here we report strategies to improve the optical gain and waveguide loss to develop a SiGe quantum cascade laser.
, with the maximum injection current density of ~5 kA/cm 2 , the upper state lifetime < ~ 100 fs, and the linewidth of 40-60 meV. Here, G is primarily in competition with the loss α due to the free carrier absorption of the carriers in the active layer itself: α is estimated to be equal to ~ 20 cm -1 at the target photon energy of 200 meV with the momentum relaxation time of 10 fs and the doping concentration of 5x10 17 cm -3 for this sample. Therefore, a substantial improvement of the gain is required to surmount the free carrier loss as well as the additional loss that arises in the waveguide device especially from the electrical contact regions. Since the ratio G/α is approximately independent of the carrier concentration in our midinfrared emitters, the increase of the injection efficiency and upper state lifetime, and/or the reduction of the linewidth are required to improve the gain and to achieve the lasing. We find that the EL linewidth of our SiGe QCs is limited by the interface roughness based on the estimated roughness parameters obtained from the x-ray reflectivity measurement, the high resolution cross-sectional transmission electron microcopy, and from the analysis of the relation between the thickness and the low-temperature hall mobility in quantum wells. [3] [4] [5] Therefore, a reduction of the linewidth requires a further optimization of the growth condition and/or the band structure that is less sensitive to the interface roughness.
The estimated upper state lifetime is of the same order of magnitude as previously reported values [6, 7] ; the lifetime is likely to be limited by the optical phonon emission from the heavy-hole (hh) upper transition state to the light hole (lh)/split-off hole (so) miniband/continuum states which spread energetically between the transition states and have significant spatial overlap with the upper state wave function. As an attempt to improve the upper state lifetime, we designed a QC sample (sample B in Fig.1 ) where the spatial overlap of the hh-upper transition state and the lh/so-continuum state is reduced. Figure 1(c) shows that the threshold voltage of B is ~2 V higher than that of A because of the 1.3 times higher electric field required to align the injector with the upper transition state by design. For both samples, the EL intensity increases linearly as the injection current is increased, and indeed, we observe a factor of 5 steeper slope for the sample B, which is an indication of the improved upper state lifetime in B. The emission linewidth of B is however larger than the previous structure which partly diminish the increased gain due to the longer lifetime.
Moreover, we have developed design and fabrication strategies to realize a waveguide device with reduced free carrier absorption at the electrical contacts. Due to the large effective mass and low mobility, a standard midinfrared waveguide, consisting of thick lightly doped cladding layer sandwiched by heavily doped plasma reflector/electrical contacts employed in III-V QC lasers, is not appropriate in SiGe because of the low plasma reflection and the resultant high optical loss. Therefore, we propose a waveguide in which the optical mode is defined by an undoped SiGe ridge (Fig.2 top) in conjunction with electrical contacts based on modulation doped quantum wells, for which the Drude absorption for the light polarized perpendicular to the wells is reduced by a factor of 50-100 compared to bulk. The current injection is done from the ohmic contacts laterally separated from the center of the optical mode. Therefore, the quantum well layers should provide a high lateral conductance as well as a high vertical conductance. We note that there is a trade-off between the two conductance: when the Ge content of the wells is decreased, the vertical conductance increases by the decrease of the ionization energy but the inplane conductance decreases by the increased alloy-scattering and decreased mobility. By varying the Ge content and well thicknesses, we found that 12 nm-thick and 60 % Ge content quantum wells can satisfy the requirements (Fig.2 lower panel) .
In summary, we analyzed the current limitations of the strain-compensated SiGe quantum cascade emitters and proposed a possible path to improve the optical gain and the waveguide loss to realize a Si-based laser. The work is partially supported by the Swiss National Foundation and by the European community within the SHINE project. 
